with ultra-small crystallites (~30 nm) were synthesized by using tetraethylammonium bromide (TEAB) as structure directing agent at low temperature (403 K). The formation of MNPs was considered to be due to high concentration of TEAB and occurrence of limiting Ostwald ripening at low temperature. The MNPs exhibited not only higher catalytic activity at low temperature for selective catalytic reduction of NO x but also higher catalytic activity and longer lifetime for disproportionation of toluene than conventional MOR (c-MOR) bulk crystals.
INTRODUCTION
Zeolites possessing crystalline frameworks and ordered networks of microspores have been widely used as industrial catalysts, ion-exchange materials, and adsorbents [1] [2] [3] [4] . Nano-sized zeolites are crucial industrial catalysts and adsorbent because of less diffusion limitations compared to micrometer-sized ones [5] . Synthesis of nanoparticles of ZSM-5, EMT and FAU has been previously reported [6] [7] [8] . Mordenite (MOR) is a zeolite with 12 MR and 8 MR channels that have c direction elongation and run one-dimensionally along the c-axis; therefore, MOR crystals with ultrashort c-direction can decrease the diffusion limitations [9] . Most of the reports on the synthesis of MOR focus on the increase of Si/Al ratio and the reducing of crystal size [10] [11] [12] . A series of Ti-MOR zeolites with different crystal morphologies from nanoparticle to nanorod owning different catalytic activities have been synthesized by Wu's group [13] . Ryoo and coworkers [14] succeeded in synthesizing MOR nanoparticles with a prolinol derivative, trivalent surfactant. However, it is rarely reported the synthesis of MOR crystals with tetraethylammonium bromide (TEAB) as structure directing agent (SDA) at 403 K.
The crystallization process at low temperature decreases the kinetic polymerization of silicate and aluminate to obtain highly uniform precursor particles and limits Ostwald ripening [8] . In addition, the high concentration of organic template or SDA could provide abundant crystal nuclei, which lead to small crystallites with a narrow particle size distribution. Here, we synthesized MOR nanoparticles (MNPs) with a high concentration of TEAB and at a relatively lower temperature (403 K) than common synthetic temperature (443 K) [15] . The catalytic activity of MNPs for selective catalytic reduction (SCR) of NO x with NH 3 as reductant and disproportionation of toluene were investigated. TEAB, 0.087 g NaAlO 2 and 6.88 g water were mixed together. Then 3.07 g of colloidal silica was added to obtain an aluminosilicate gel by vigorous stirring for 3 h at 298 K. The gel was transferred to a stainless steel autoclave and the sealed autoclave was placed in an air oven maintained at 403 K for four days. The crystalline white solid was filtered, washed and dried at 353 K in air for 6 h, and subsequently calcined in air at 823 K.
Characterizations
Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku X-ray diffractometer D/max-IIIA equipped with a Cu Kα radiation (40 kV, 30 mA). The scanning electron microscopy (SEM) was conducted on a JEOL JSM-7800F electron microscope. The Fourier transform infrared spectroscopy (FT-IR) spectra were recorded using a Perkin-Elmer Spectrum 100 FT-IR spectrometer. Thermogravimetric analysis (TG) was performed with a Perkin-Elmer TGA7. The ratios of Si/Al in the samples were determined from the results of inductively coupled plasma optical emission spectrometer (ICP-OES) (Thermo Jarrell Ash IRIS Advange 1000). The nitrogen adsorption-desorption isotherms were measured at 77 K using an ASAP 2460 analyser. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method.
Catalysis
The SCR of NO with NH 3 as reductant was selected as the model reaction after supported Cu active species. Cu/ MOR were prepared via traditional ion-exchange method. 1 g MOR zeolite, 10 g NH 4 NO 3 and 30 g water were mixed together and stirred at 353 K for 12 h (3 times). Afterwards, the product was filtered, washed and dried at 353 K in air for 6 h, then the product was transferred to Table S1 . The reaction condition of disproportionation of toluene is: catalyst, 0.2 g; temperature, 573 K; toluene feed, 1.44 g h ; N 2 , 30 mL min
RESULTS AND DISCUSSION
MOR zeolites with different morphology and particle size were synthesized at different crystallization temperatures. The smallest particle size of MNPs with size of~30 nm was synthesized at 403 K (Figs S1, S2 and Table S2 ). Fig.  1a shows the XRD patterns of the calcined MNPs and c-MOR (Fig. S3) . The XRD pattern of MNPs indicates the formation of an MOR zeolite with broadened Bragg peaks with weaker intensity compared to that of c-MOR, illustrating the decreased size of its individual particles. , respectively, higher than that of c-MOR (370 m 2 g −1 and 0.2 cm 3 g −1 ). The SEM images show the MNPs assembled into a disk (Fig. 2a, b) with the diameter of~800 nm and thickness of 100 nm. Fig. 2c indicates that the diameter of irregular MNPs is in the range of 20-40 nm. Transmission electron microscopy (TEM) images (Fig. 2d-f ) further confirm that MNPs were self-assembled from ultra-small size of MOR crystals. Fig. 2d shows the low-magnification TEM image taken from two vertical crossed disks. High resolution TEM (HRTEM) images (Fig. 2e, f) show MNPs with high crystallinity and ultra-small size self-assembly into multilevel stacked structures, which is in good line with its crystalline size calculated by Scherrer equation (Table S2 ) [16] . The size of products decreased with decreasing temperature from 443 to 403 K due to limited Ostwald ripening (Figs S1, S2 and Table S2 ). The product was amorphous when the temperature was lower than 403 K because low temperatures cannot induce the growth of crystal nuclei in four days. The growth of MNPs is limited by the low synthesis temperature, with the main crystallization route being through propagation in the gel. The higher synthesis temperature favors Ostwald ripening, which results in generating larger particles at the expense of smaller ones. From the XRD patterns of the calcined samples, it can be observed that the peak width at half height decreased with increasing the crystallization temperature from 403 to 443 K. The characterization results of the samples synthesized with different Si/Al ratios (Fig.  S4) show that the pure MOR, mixture of MOR and MFI, and pure MFI zeolites were synthesized with Si/Al ratio of 23, 46 and ∞, respectively.
In our synthesis system, for the low Si/Al ratio (23), it has been found that the crystallization tends to direct the formation of MOR rather than MFI [17] . In addition, the secondary building units of the 4 MR in the MOR structure prefer more Al atoms with a larger radius as constructing tetrahedrons in comparison to Si atoms. This is probably because the longer Si-O-Al bond would relax the strain of the 4 MR and make the crystalline structure more thermodynamically and energetically stable [10] . Therefore, it is not conducive to formation of MOR type zeolite with increasing the Si/Al ratio. On the other hand, it is easy to form MFI zeolite under high Si/Al ratio or without Al. Therefore, the mixture of MOR and MFI and pure MFI zeolites were synthesized with Si/Al ratio of 46 and ∞, respectively.
The particle size of the samples was decreased from 100 to~35 nm with increasing TEAB/Si molar ratio from 0 to 0.2 (Fig. S5) . However, higher concentrations of TEAB (TEAB/Si > 0.2) could not decrease the size of the product. The addition of TEAB is beneficial to synthesize zeolites with small crystal size in the hydrothermal process. TEAB, which easily reacts with the aluminosilicate oligomers, was used as SDA. The high concentration of TEAB would generate numerous nucleation centers. Due to the amount of aluminosilicate was constant, zeolites with small crystal size were generated. The particle size of the samples was decreased with increasing the concentration of TEAB in our synthesis system [18, 19] .
In comparison to pure TEAB substance, the as-made MNPs show relatively weaker vibration bands (2,990, 2,940, 1,490 and 1,390 cm indicating that the N atom of TEAB is strongly bonded with T(Si or Al) atom in MNPs (Fig. S6) . Therefore, TEAB works as a SDA that directs polymerization between aluminosilicate oligomers or between aluminosilicate and silicate oligomers during nucleation of zeolite.
MNPs have a composition of Na 4 TEA m Al 5 Si 43 O 96 ·6H 2 O·(2 −m)TEAB (m≈1), with some TEA + to balance the charge, according to the Si/Al ratio of 9.2, weight loss of intercrystalline water (3.2%) and TEAB (8.8%) characterized by ICP and TGA (Fig. S7) , respectively.
The 12 MR large-pores along c-axis were occupied by TEAB molecules as simulated by Weckhuysen and coworkers [20] . It can be deduced that the high concentration of TEAB could generate abundant crystal nuclei resulting in smaller crystals. The crystal nuclei templated by TEAB block the growth of crystal along c-axis, which results in the formation of small crystals. As a result, the growth of MNPs is limited by the high concentration of TEAB and low synthesis temperature.
As we all know that, for catalytic application, the diffusion limitation of reactants and products is very serious especially for MOR zeolite with 12 MR main channels. To demonstrate the catalytic advantage of the ultra-small MNPs, the SCR of NO with NH 3 as reductant was selected as the model reaction after supported Cu active species. From the catalytic performances of Cu/MNPs and Cu/c-MOR (Fig. 3a) , it can be seen that Cu/MNPs show higher catalytic activity and wider temperature window than Cu/c-MOR, especially display higher activity at low temperatures. For Cu/MNPs, the conversion of NO at 150 and 200°C is~50% and~100% much higher than~15% and~80% of Cu/c-MOR, respectively. Improved NO catalytic performances of Cu/MNPs, especially at low temperature, would be due to well dispersion of Cu 2+ and without diffusional limitation for reactants and products, resulting from shorter transmission path and higher specific surface area of ultra-small crystals [21] . Fig. 3b shows that N 2 O as by-product increases and then turns to decrease with increasing temperature; in addition, MNPs have better selectivity than c-MOR because of less of the by-product N 2 O. MNPs possess larger specific surface area and almost no diffusional limitation for reactants and products due to the small particle size, which results in more NO transformed to N 2 rather than N 2 O. Since H/MOR is widely used as an important commercial catalyst in industrial processes of toluene disproportionation, thus we have carried out the disproportionation of toluene. According to the catalytic performance of H/MNPs and H/c-MOR (Table S4 ), the toluene conversion over two MOR zeolites decreased with prolonging reaction time but the nanosized MOR was still more stable than c-MOR against deactivation. For H/ MNPs, the conversion of toluene at time on stream of 2 h was 8.9%, much higher than 2.5% of H/c-MOR. MNPs exhibited excellent performance for disproportionation of toluene than c-MOR due to shorter transmission path and higher specific surface area of ultra-small crystals.
CONCLUSIONS
A series of MOR with different particle sizes have been prepared by controlling crystallization temperature and concentration of TEAB. The variation of Si/Al ratios would result in different type of zeolites. Highly crystalline MOR was successfully obtained with crystal size of 30 nm by increasing the TEAB concentration to provide more nucleation and lowering the temperature to limit Ostwald ripening. This material exhibits higher conversion and catalytic activity at low temperature than c-MOR for SCR of NO x and also shows higher catalytic activity and longer lifetime for disproportionation of toluene than c-MOR due to the short transition path and high specific surface area (408 m 2 g −1 ). This finding would open up new possibilities for the elaborate fabrication of nanometer-sized zeolites.
